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Electrical propertiesTwo series of Nb–Si–C thin ﬁlms of different composition have been deposited usingDCmagnetron sputtering. In
the ﬁrst series the carbon content was kept at about 55 at.% while the Si/Nb ratio was varied and in the second
series the C/Nb ratio was varied instead while the Si content was kept at about 45 at.%. The microstructure is
strongly dependent on Si content andNb–Si–C ﬁlms containingmore than 25 at.% Si exhibit an amorphous struc-
ture as determined by X-ray diffraction. Transmission electron microscopy, however, induces crystallisation
during analysis, thus obstructing amore detailed analysis of the amorphous structure. X-ray photo-electron spec-
troscopy suggests that the amorphous ﬁlms consist of amixture of chemical bonds such asNb–Si, Nb–C, and Si–C.
The addition of Si results in a hardness decrease from 22 GPa for the binary Nb–C ﬁlm to 18 – 19 GPa for the
Si-containing ﬁlms, while ﬁlm resistivity increases from 211 μΩcm to 3215 μΩcm. Comparison with recently
published results on DC magnetron sputtered Zr–Si–C ﬁlms, deposited in the same system using the same Ar-
plasma pressure, bias, and a slightly lower substrate temperature (300 °C instead of 350 °C), shows that hard-
ness is primarily dependent on the amount of Si–C bonds rather than type of transitionmetal. The reduced elastic
modulus on the other hand shows a dependency on the type of transitionmetal for theﬁlms. These trends for the
mechanical properties suggest that highwear resistant (highH/E andH3/E2 ratio)Me–Si–C ﬁlms can be achieved
by appropriate choice of ﬁlm composition and transition metal.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Ternary Me–Si–C (Me = early transition metal) thin ﬁlms have,
due to their multi-functional properties, been studied for a number
of different applications such as protective coatings [1–4], electrical
contacts [5], solar cells [6], and thermal printing heads [7]. The
work on Me–Si–C thin ﬁlms deposited by magnetron sputtering at
low tomoderate temperatures (25 – 650 °C) reports microstructures
ranging from nanocomposites, with nanometer sized carbide grains
(nc-MeC) dispersed in an amorphous matrix of C or SiC (a-C/a-SiC)
[1,2,4,5,8], to a completely amorphous structure [7,9–12]. A general
observation is that the microstructure is strongly correlated to the
Si content of the Me–Si–C thin ﬁlms. Typically, higher Si concentra-
tions lead to a reduction in carbide grain size and in many systems
to X-ray amorphous ﬁlms [4,9–11]. Typically, Ti–Si–C ﬁlms exhibit
a nanocrystalline, nc-TiC/a-SiC microstructure, with nano-sized TiC
grains in an amorphous SiC matrix [1,2,5]. An increase in Si content. Open access under CC BY-NC-ND licreduces the size of the TiC grains but X-ray amorphous ﬁlms are usually
not observed for ﬁlms deposited at ambient temperature to 650 °C. An
exception is a report of amorphous structures formed in very thick
(35 μm) Ti–Si–C ﬁlms deposited on water cooled substrates by Naka
et al. [12]. In contrast, completely X-ray amorphous ﬁlms have been
observed in the Zr–Si–C, Cr–Si–C, Mo–Si–C, Ta–Si–C and W–Si–C sys-
tems deposited at substrate temperatures of 25 – 350 °C (see e.g. refs
[3,4,7,10]). With the exception of the Zr–Si–C system, no systematic
studies of the inﬂuence of the Si content on the microstructure have
been carried out but a general observation is that high concentrations
of Si leads to a reduced crystallinity also in these systems [8,10].
Recent studies of magnetron sputtered Zr–Si–C ﬁlms have clearly
demonstrated that ﬁlms with Si concentrations above 15 at.% are
completely amorphous (deposition temperature 350 °C) [9]. Based on
results from theoretical modelling combinedwith experimental studies
using X-ray diffraction (XRD), transmission electron microscopy (TEM)
and extended X-ray absorption ﬁne structure spectroscopy, it was
shown that the amorphous Zr–Si–C ﬁlms have a structure which can
be described as a random network of Zr–Zr, Zr–Si, Zr–C, Si–C and C–C
bonds. This distribution give rise to broader features in the X-ray photo-
electron spectroscopy (XPS) spectra with intensities dependent on
the total composition. An important observation was also that the me-
chanical properties (i.e. hardness and Young's modulus) were directlyense.
Table 1
Thin ﬁlm composition for the different samples determined from XPS depth proﬁles. The
Nb, Si and C contents are normalized to the sum of the Nb, Si and C contents. The C–Si
bond content is calculated by comparing the areas of theﬁtted peaks in the XPS C1 spectra.
Sample Nb[Rel. at.%] Si[Rel. at.%] C[Rel. at.%] C–Si bond content [%]
S1_A 40 0 60 0
S1_B 24 20 56 24
S1_C 18 28 54 37
S2_A 36 47 17 8
S2_B 26 45 29 13
S2_C 18 48 34 25
S2_D 10 39 51 48
273N. Nedfors et al. / Thin Solid Films 545 (2013) 272–278dependent on the relative amount of strong Si–C bonds in the amor-
phous structure [9,11].
The aim of this investigation is to study microstructure and proper-
ties ofmagnetron sputtered Nb–Si–C ﬁlms deposited under similar con-
ditions as the Zr–Si–C ﬁlms in refs. [9,11]. Sputtered ﬁlms in this system
have not yet been studied but it is likely that amorphous ﬁlms can also
be deposited. Critical Si concentrations for amorphous growth will be
determined and compared with Zr–Si–C. Both XRD and TEM will be
applied to determine the structure of the ﬁlms. An important aim of
this study is to investigate the chemical bond distribution in the amor-
phous ﬁlms with XPS and to correlate the mechanical properties to
chemical bonding in the ﬁlm. Finally, the inﬂuence of the metal on the
properties in amorphousMe–Si–Cﬁlmswill be discussed based on com-
parison between Zr and Nb.
2. Experimental details
Nb–Si–C thinﬁlmswere deposited in anultra-high vacuumchamber
(base pressure of 10−7 Pa) by nonreactive unbalanced DC-magnetron
sputtering from three separate two inch targets supplied by Kurt J
Lesker Ltd (Nb 99.95% pure, Si 99.999% pure and C 99.999% pure). The
magnetrons were directed towards a rotating substrate holder at a
distance of 15 cm. The Ar-plasma was generated at a constant pressure
of 0.4 Pa (3.0 mTorr) andwith anAr gasﬂowof 45 sccm. The substrates
were biased to−50 V. The ﬁlm compositionwas varied through tuning
of the Nb-magnetron current from 15 mA to 120 mA and Si-magnetron
current from 15 mA to 120 mA. The current to the C-magnetron was
kept constant at 300 mA through all depositions. Two series of ﬁlms
with different compositions were deposited, see Fig. 1 and Table 1.
The carbon content in series S1 was kept constant at about 55 at.%
while the Si content was varied from 0 to 39 at.%. For series S2, the Si
content was kept constant at 40–45 at.%, while the C content varied
from 17 to 51 at.%. All the ﬁlms have a thickness of about 0.5 μm. The
Nb–Si–C ﬁlms will be compared to Zr–Si–C ﬁlms studied in refs. [9]
and [11] deposited using the same sputtering system and sputtering pa-
rameters as described above, except for a slightly higher substrate tem-
perature of 350 °C (from here on denoted as similar conditions).
The thin ﬁlms were deposited on to single-crystal Si(001) (10 ×
10 mm2) substrates. The substrates were kept at a constant tempera-
ture of 300 °C by a heater wire integrated in the substrate holder. The
substrates were preheated for at least 45 min and the targets wereFig. 1. Composition of the thin ﬁlms in series S1 and S2 and their location in the Nb–Si–C
ternary phase diagram adapted from Yaney and Joshi [23].pre-sputtered for at least 10 min before deposition. A thin Nb ﬁlm was
deposited on to the substrates prior to the primary deposition in order
to improve the adhesion of the thin ﬁlms to the substrate.
The chemical composition of the thin ﬁlms was determined with
XPS using a Physical Systems Quantum 2000 spectrometer with mono-
chromatic Al Kα radiation. Energy calibration was carried out with Au
andAg reference samples and sensitivity factorswere used for quantita-
tive analysis. The latter were determined from reference samples of
binary and ternary compounds with compositions determined from
elastic recoil detection analysis and Rutherford backscattering spectros-
copy. Depth proﬁles of the thin ﬁlmswere acquired by rastered Ar+-ion
sputtering over an area of 1 × 1 mm2with ions having energy of 1 keV.
High-resolution XPS C1s spectra were acquired after 30 min of Ar+-ion
sputter etching over an area of 1 × 1 mm2 with ions having energy of
200 eV. The XPS analysis area was set to a diameter of 200 μm in all
measurements. Grazing incidence X-ray diffraction (GI-XRD) measure-
ments were carried out on a Siemens D5000 using Cu Kα radiation and
parallel beam geometry with a 2° incidence angle. Microscopy studies
were carried out on selected ﬁlms, using a FEI Tecnai G2 TF 20 UT ﬁeld
emission gun transmission electron microscopy (TEM) operated at a
200 keV acceleration voltage. The cross sectional TEM specimens were
ﬁrst mechanically polished to a thickness of ~50 μm, followed by Ar+-
ion milling, with ion energy of 5 keV. As a ﬁnal step, the samples were
polished using 2 keV Ar+-ions. Mechanical properties were obtained
using CSM Instruments nano-indenter XP with a diamond Berkovich
tip. Load–displacement curves were acquired with an indentation
depth set to 50 nm, a loading rate of 5 mN/min and about 20 indents
per sample. Hardness and elastic modulus values were determined by
the Oliver–Pharr method [13]. The electrical resistivity of the ﬁlms
was acquired by the four-point-probe measurement technique using a
CMT-SR2000N from Advanced Instrument Technology.
3. Results
3.1. Microstructure and chemical bonding
Fig. 2a shows GI-XRD diffractograms from the ﬁlms in series S1. The
peaks can be assigned to cubic NbC (NaCl structure) with a lattice
parameter of 4.47 Å, which is in agreement with values reported for
bulk NbC by Kempter et al. [14]. The peaks in Fig. 2a become broader
as the Si content increases in the ﬁlms. This trend has been observed
also in other Me–Si–C systems and can be attributed to a decrease in
grain size [1,4,9]. Using Scherrer's formula [15] the carbide grain size
can be estimated to 9 nm for the binary ﬁlm without any Si and to
4 nm for the ﬁlmwith a Si content of 20 at.%. As the Si content increases
further the NbC diffraction peaks disappear and the most Si-rich ﬁlm
shows only a broad feature centred at about 35°, originating from
local ordering around single atoms and is consistent with an X-ray
amorphous ﬁlm [9]. The small peaks at ~38° and ~69° seen in the two
Si-rich ﬁlms can be assigned to the (110) and (211) crystal planes of
Nb and originate from the Nb adhesion layer. In contrast, all the ﬁlms
in series S2 are X-ray amorphous with no indication of crystalline
carbides (see Fig. 2b).
a)
b)
Fig. 2. GI-XRD patterns from the different a) S1 and b) S2 series of ﬁlms. Note that the
uppermost diffractograms in a) (39 at.% Si) and b) (51 at.% C) are from the same sample.
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magniﬁcations, of three ﬁlms in series S1 containing 0, 20, and 39 at.%
Si, respectively. The binary ﬁlm without any Si shows a typical nano-
composite microstructure with carbide grains embedded in a matrix
of an amorphous phase. As Si is introduced into the ﬁlm the carbide
grains are reduced in size from~10 nmto ~4 nm,which is in agreement
with the sizes calculated from the GI-XRD diffractograms. Furthermore,
the amount of amorphous phase is increased and encapsulates the
carbide grains at higher Si contents (see Fig. 3b). The reduction inFig. 3. Cross-sectional TEM images taken at low and highmagniﬁcation and corresponding SAE
c) 39 at.% and d) the sample richest in Nb from series S2. The clusters of ordered arrangemcrystallinity at high Si contents can also be seen by comparing the se-
lected area electron diffraction (SAED) patterns (see insets in Fig. 3).
The NbC SAED pattern from the ﬁlm having a Si content of 20 at.% is
more blurry than the corresponding SAED pattern for the binary ﬁlm.
As the Si content is increased further it is no longer possible to identify
any carbide grains from the SAED pattern. However, some clusters of
ordered arrangement can be observed in the image. As can be seen in
the low magniﬁcation images a transition from a more distinct colum-
nar structure (Fig. 3a and b) to a more homogenous structure (Fig. 3c)
occurs as the amorphous structure is formed. Fig. 3d shows cross-
sectional TEM images of the Nb-richest ﬁlm from series S2. The amor-
phous structure indicated by GI-XRD (see Fig. 2b) is conﬁrmed from
the TEM image and corresponding SAED pattern also for this ﬁlm.
The above high-resolution-TEM result for the sample in Fig. 3c is
in apparent contradiction with the XRD observations in Fig. 2. It sug-
gests that wemay have a nanocomposite structure of nano-sized car-
bide grains in an amorphous matrix also at higher Si concentrations.
However, a more detailed study of the samples with TEM indicated a
time-dependence in the observedmicrostructure. This can be seen in
Fig. 4 of the X-ray amorphous ﬁlm from series S1 richest in Si. The
image in Fig. 4a was obtained instantly by moving the electron beam
to an unexposed area while the image in Fig. 4b was obtained after
exposure to an electron dose of 2.8*109 e/nm2 at the same sample
spot. The image obtained without electron beam exposure is clearly
completely amorphous, while an electron dose of 2.8*109 e/nm2 yields
clusters with ordered atomic arrangements a few nanometers in size.
The formation of crystallites is also clearly seen in the SAED inset. Con-
sequently, it can be concluded that the electron beam induces crystalli-
zation in the ﬁlms. This effect has been investigated more in detail in
Ref. [16]. A systematic study of electron-beam-induced crystallization
has not been carried out on all the X-ray amorphous ﬁlms in series S2,
but the ones analysed (the ﬁlm richest in Nb and the ﬁlm richest in C)
are both electron and X-ray amorphous, as we conclude that they all
can be described as amorphous.
XPS C1s spectra from series S1 are presented in Fig. 5a. The spectrum
for the binary Nb–C ﬁlm shows two features; a peak at 282.8 eV
assigned to C bonded to Nb (C–Nb) [17] and a peak at 284.5 eV assigned
to C bonded to C (C–C) in an amorphous carbon phase [18]. When Si is
added to the ﬁlms, a shoulder is formed towards higher binding
energies, which can be attributed to the formation of C–Si bonds (at
about 283.3 eV) [19]. The contribution from the C–Si bonds and thereby
the intensity of the shoulder is proportional to the Si content. Fig. 6a
shows the Si2p peak from the S1 series with constant carbon content
but increasing Si concentration. As can be seen, all the S1 Si2p peaks
are centred at about 100.1 eV showing that Si form mainly Si–C bonds
suggesting that these bonds are more favourable compared to Nb–SiD pattern of three ﬁlms in series S1 with different Si content: a) 0 at.%, b) 20 at.% and
ent seen in c) are induced by the TEM electron beam.
Fig. 4. Cross-sectional TEM images with corresponding SAED pattern insets of the X-ray
amorphous ﬁlm from series S1 with a Si content of 39 at.% and a C content of 51 at.%.
The image in Fig. 4awas taken instantly and the image in Fig. 4bwas taken after exposure
to an electron dose of 2.8*109 e/nm2.
a)
b)
Fig. 5.XPS C1s spectrawith bond contributions ﬁtted to the total intensity of ﬁlms in a) S1
and b) S2 series. Note that the uppermost spectra in a) (39 at.% Si) and b) (51 at.% C) are
from the same sample.
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Fig. 6a originating from Si–O bonds caused by a small oxygen contami-
nation of the ﬁlms (b2 at.%). As the Si content is increased in the ﬁlms a
slight shift is seen in theNb3d5/2 spectra, fromabout 203.7 eV for the bi-
nary ﬁlm to about 203.4 eV for the ternary ﬁlm (not shown). This shift
can be explained by a difference in the nearest atomic surroundings
for the Nb atoms comparing the nc-NbC/a-C ﬁlm to the amorphous
Nb–Si–C ﬁlms. Fig. 5b shows C1 spectra from the ﬁlms in series S2. In
this case, the Si content is at about 45%while the C/Nb ratio is increased.
At low C contents only C–C and C–Nb peaks can be observed. With
increasing carbon content, however, the contribution from the C–Si
peak will increase suggesting an increase in the relative amount of C–
Si bonds. The formation of C–Si bonds is clearly seen in Fig. 6b showing
the Si2p peak from the S2 series with a constant Si content but with
different C concentrations. The most Nb-rich ﬁlm has a peak centred
at about 99.1 eV indicating that Si is mainly bonded to Nb. This peak
becomes broader and shifts towards higher binding energies as the C
content is increased. The most C-rich ﬁlm has a peak centred at about
100.1 eV indicating that most of the Si now is bonded as Si–C, although
literature usually reports a slightly higher binding energy for Si–C bonds
in a pure SiC crystal (100.4 eV) [19]. The formation of primarily Si–Nb
bonds in the Nb-rich ﬁlm was also evident from the Nb3d5/2 spectra
(not shown). As the Nb content is decreased in the ﬁlms a shift from
about 202.9 eV (Nb–Si) to 203.4 eV (Nb–C) was seen in the Nb3d5/2
spectra. A weak signal from Si–O bonds at about 102 eV is also seen in
the Si2p spectra in Fig. 6b indicating a small oxygen contamination of
the S2 (b2 at.%).
In summary, the results show that all the amorphous ﬁlms exhibit a
wide range of C–C, C–Si, C–Nb, Si–Nb and presumably Nb–Nb bonds.
The relative distribution of these bonding states was also found to be
dependent on the ﬁlm composition. A general observation is that an in-
crease in Si or C contents preferably leads to the formation of Si–C bonds
and not Nb–C or C–C bonds. If we assume that carbon can form threetypes of bonds: Si–C, Nb–C and C–C, it is possible to estimate the % Si–
C bonds by calculating the relative area of the Si–C peak contribution
to the total C1s peak. These values, as well as the amount of C–C and
Nb–C bonds have been summarized in Table 1. As will be demonstrated
below, the mechanical properties of the amorphous Nb–Si–C ﬁlms can
be directly correlated to the % Si–C bonds in the structure.
3.2. Thin ﬁlm properties
The addition of Si to the ﬁlms in series S1 has only a small effect on
hardness. The binary Nb–C ﬁlm has a hardness of 22 GPa, while the
Si-containing ﬁlms have a hardness of 18–19 GPa. The Si has a similar
effect on the reduced elastic modulus of the S1 ﬁlms with a reduction
from 230 GPa for the binary Nb–C ﬁlm to 210 – 220 GPa for the ternary
ﬁlms. The hardness and elastic modulus for all studied ﬁlms have been
summarized in Table 2. It can be seen that the addition of more C has
a hardening effect on the ﬁlms. The hardness increases from 12 GPa
for the ﬁlm with the lowest C content (17 at.%) to 19 GPa for the ﬁlm
containing 51 at.% C. The nanoindentation curves showed no sign of
“pop-ins” frequently observed for metallic glasses, where pop-ins are
indicative of deformation by shear-band formation [20]. The electrical
resistivity of the ﬁlms was also clearly dependent on the composition
(see Table 2). For series S1 the electrical resistivity is signiﬁcantly
increasing from 211 μΩcm to 3215 μΩcm asmore andmore Si is incor-
porated into the ﬁlms. The amorphous Nb–Si–C ﬁlms in series S2 have
a)
b)
Fig. 6.XPS Si2p spectrawith bond contributionsﬁtted to the total intensity of ﬁlms in a) S1
and b) S2 series. Note that the uppermost spectra in a) (39 at.% Si) and b) (51 at.% C) are
from the same sample.
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increase in resistivity from 218 μΩcm to 3215 μΩcm as the carbon
content is increased from 17 to 51 at.%.
4. Discussion
4.1. Microstructure
The binary Nb–C ﬁlm clearly consists of nanocrystalline NbC with
some free carbon (C–C). This suggests a nanocomposite structure, nc-
NbC/a-C, of nanosized NbC (nc-NbC) in an amorphous carbon matrix.
This type of nanocomposite structure has been commonly observed inTable 2
Mechanical properties and electrical resistivity of the different thin ﬁlms.
Sample Hardness [GPa] Reduced elastic modulus [GPa] Resistivity [μΩcm]
S1_A 22 230 211
S1_B 18 210 869
S1_C 19 220 1321
S2_A 12 130 218
S2_B 17 190 543
S2_C 18 210 1814
S2_D 19 210 3215the literature and an overview of their structure and properties can be
found in ref. [21]. The addition of Si to the nc-NbC/a-C thin ﬁlms reduces
the crystallinity of the ﬁlms. At low Si contents (b20 at.% Si), the Si
bonds to C and forms an amorphous silicon carbide phase (a-SiC)
together with nanocrystalline NbC grains (nc-NbC) giving a nc-NbC/
a-SiC nanocomposite. The same type of nanocomposite structure has
been observed in other magnetron sputtered Me–Si–C thin ﬁlms at
low Si concentrations [2,5,8–10]. As the Si content is increased further
(N25 at.% Si), completely amorphous Nb–Si–C ﬁlms start to form. The
amorphous structure is observed in all series S2 ﬁlms containing
~45 at.% Si, independent on the metal content. The formation of such
amorphous structures is in agreement with other studies on Me–Si–C
thin ﬁlms deposited by magnetron sputtering at moderate tempera-
tures (≤300 °C) [3,4,9–11]. In the literature, the crystallinity of Me–
Si–C ﬁlms has been determined by XRD and/or TEM. In some cases,
small nanocrystallites have been observed in TEM although the ﬁlms
are X-ray amorphous [4,22]. Our results in Fig. 4 clearly show that crys-
tallinity can be induced by the electron beam in the TEM analysis. This is
an artefact and must be considered when TEM is used to determine the
presence of nanocrystallites in this type of materials. This effect is stud-
ied in more detail in ref. [16].
The ternary ﬁlms with a Si content N25 at.% are obviously amor-
phous. The XPS analysis shows a distribution of different bonds in the
amorphous ﬁlms. This includes C–C, Si–C, Nb–C, Nb–Si. As the total
composition of the ﬁlms is changed, the relative distribution of these
bonds also changes. Kádas et al. [11] recently showed that amorphous
Zr–Si–C ﬁlms deposited under similar conditions can be described as a
three-dimensional network structure consisting of different coordina-
tion polyhedra. This will give rise to many different types of bonds
depending on the surrounding atoms. The network structure was con-
ﬁrmed by the bonding distributions acquired from XPS studies on the
same Zr–Si–C ﬁlms by Andersson et al. [9]. The results in our study are
very similar to those obtained in refs. [9,11]. The contribution from Si–
C bonds to the total C1s XPS peak for the S2 ﬁlms in Fig. 5 follows the
same trend as the comparable Zr–Si–C ﬁlms in the paper by Andersson
et al. [9]. Furthermore, a comparison of the Si2p peak for the Nb–Si–C
ﬁlms in series S2 and similar Zr–Si–C ﬁlms shows the same trend with
a transition from mainly Si–Me bonds at high metal contents to mainly
Si–C bonds at high carbon contents. It can therefore be concluded that a
similar type of bond distribution is present in both Nb–Si–C and Zr–Si–C
ﬁlms. Based on the XRD, TEM andXPS results we suggest that the amor-
phous Nb–Si–C ﬁlms in series S2 have an amorphous network structure
reminding of the one described by Kádas et al. for Zr–Si–C thin ﬁlms
[11]. It is interesting to compare the bonddistribution in the amorphous
ﬁlms with the expected phase composition at equilibrium. Fig. 1 shows
an isothermal section of the ternary Nb–Si–C phase diagram adapted
from Yaney and Joshi [23] with the total composition of the samples
in series S1 and S2. As can be seen, series S2 represent compositions
where the crystalline phases NbSi2–NbC–SiC, respectively, are expected
to form at equilibrium. When the total carbon content is increased in
series S2, the amount of NbSi2 is expected to decrease and disappear
completely (less Nb–Si bonds), while the amount of Si–C should
increase (more Si–C bonds). It is obvious that this is the same trend as
observed in the amorphous, metastable ﬁlms in series S2 (Table 1 and
Figs. 5–6). However, as can be seen, the amorphous ﬁlms also contain
C–C bonds not expected in the crystalline phases at equilibrium. For
series S1, the three crystalline phases C, NbC and SiC are expected at
equilibrium conditions. Therefore, with increasing Si content, the
amount of SiC should increase (more Si–C bonds) while the amount of
NbC is reduced (less Nb–C bonds). Also, in this case the amorphous
ﬁlms show a similar trend to what is expected from phase composition
at equilibrium.Hence, it is obvious that the bonddistribution in the amor-
phous ﬁlms follows a trend similar to that given by thermodynamics in
the crystalline phases at equilibrium.
An interesting question is the glass-forming ability in magnetron
sputtered Me–Si–C thin ﬁlms containing transition metals from groups
Fig. 7.Hardness of the Nb–Si–C ﬁlms as a function of the amount of C–Si bonds. Data from
DCmagnetron sputtered Zr–Si–C ﬁlms are included as a reference [9]. The relative amount
(%) of C–Siwas determined from the C1s XPS spectra and normalized to the sumof C–C, C–
Nb and C–Si.
Fig. 8. Reduced elastic modulus of the Nb–Si–C ﬁlms as a function of the amount of C–Si
bonds. The relative amount (%) of C–Siwas determined from the C1s XPS spectra and nor-
malized to the sum of C–C, C–Nb and C–Si. Data from DC magnetron sputtered Zr–Si–C
ﬁlms are included as a reference [9]. The relative amount (%) of C–Si was determined
from the C1s XPS spectra and normalized to the sum of C–C, C–Nb and C–Si.
277N. Nedfors et al. / Thin Solid Films 545 (2013) 272–2784 to 6. Although systematic data is missing and electron-beam-induced
crystallization adds further complexity, a few general trends can be ob-
served. It is obvious that the glass-forming ability increases going from
Ti–Si–C to Cr–Si–C since no reports of crystalline structures seem to be
present in the latter system [3]. This follows the same trend as for the
binary Ti–C and Cr–C systems where nanocrystalline structures mainly
are observed with Ti, while chromium carbides have a higher tendency
to form amorphous structures. The higher glass forming ability for Cr
compared to Ti can probably be explained by themore complex crystal-
line structures for the chromium carbides (e.g. Cr23C6 and Cr7C3) com-
pared to the simple NaCl-type structure in TiC [21]. When comparing
the microstructures of magnetron sputtered Me–Si–C ﬁlms containing
transitionmetals from periods 4, 5, and 6, amorphous structures are re-
ported for Zr–Si–C [11], Ta–Si–C [7], Ti–Si–C [12], and W–Si–C [3,10]
ﬁlms, while Hf–Si–C and Mo–Si–C ﬁlms exhibit a nanocomposite struc-
ture for some compositions [4,8]. As demonstrated in Fig. 4, however,
the observation of nanocrystallites can be due to electron beam-
induced crystallization and additional studies are required to conﬁrm
any trends. It is difﬁcult to explain the increased tendency in the forma-
tion of amorphous ﬁlms when going from Ti to Nb and Zr but the size
difference between C, Si and Me can be a critical factor. There are
many theories for glass-formation and several of them emphasize the
importance of a large difference in atomic radius between the atoms
(chap. 8 in ref. [24]). Zr has a larger atomic radius than Nb (1.59 Å for
Zr compared to 1.43 Å for Nb [25]), and should therefore more easily
form amorphous ﬁlms. This can explain our observation that a larger
amount of Si (N25 at.%) is required to form amorphous Nb–Si–C ﬁlms
compared to Zr–Si–C ﬁlms (N15 at.% Si) deposited under similar condi-
tions [9]. Furthermore, it was observed in studies of electron beam
induced crystallization during TEM that a higher electron dose is required
to induce crystallization in the Zr–Si–C system (~2.8*109 e−/nm2 for Nb–
Si–C and ~4.7*109 e−/nm2 for Zr–Si–C), indicating that Zr forms more
stable amorphous structures than Nb [16].
4.2. Properties
Magnetron sputtered binary Nb–C ﬁlms can be described as nano-
composites, nc-NbC/a-C, with nanocrystalline (nc) NbC grains in an
amorphous carbon (a-C) matrix. We have in a recent study showed
that the properties of these ﬁlms show large similarities but also differ-
ences compared to magnetron-sputtered nc-TiC/a-C ﬁlms [17]. The
addition of small amounts of Si reduces the NbC grain size and forms
an a-SiC phase that surrounds the carbide grains, which allows the
carbide grains to rotate and slide in a larger extent compared to a binary
nc-MeC/a-C ﬁlm (compare Fig. 3a and b), the same trend has been seen
for Ti–Si–C ﬁlms [5]. This results in a softening in similarway as seen for
binary nc-MeC/a-C ﬁlms when the amount of a-C phase increases
[17,26]. As the Si content is further increased in the S1 series the amount
of Nb in the ﬁlms is reduced. This leads to less NbC and a thicker matrix
and ﬁnally the formation of amorphous ﬁlms.
As discussed above, the bond distribution in the amorphous ﬁlm is
dependent on the total composition and follows a trend seen in crystal-
line equilibrium phases. Andersson et al. have recently demonstrated
that the %Si–C bonds are an important parameter determining the prop-
erties of amorphous Zr–Si–C ﬁlms deposited in the same sputter system
under similar conditions [9]. As can be seen in Fig. 7, this correlation also
exists for our Nb–Si–C ﬁlms (included are also the hardness values for
the Zr–Si–C ﬁlms from Andersson et al. [9]). The two material systems
follow the same hardness dependence as a function of the relative
amount of C–Si bonds. This observation suggests that the plastic defor-
mation is primarily dependent on the formation of strong C–Si bonds
rather than the type of transition metal in this type of amorphous ﬁlms.
The reduced elastic modulus as a function of the amount of C–Si is
plotted in Fig. 8 for the Nb–Si–C ﬁlms in our study as well as for the
Zr–Si–C ﬁlms in ref. [9]. In contrast to the hardness behaviour, a differ-
ence is here seen between the two types of transition metals withlower reduced elastic modulus of about 200 GPa for the Nb–Si–C ﬁlms
compared to almost 300 GPa for some of the Zr–Si–C ﬁlms. The elastic-
ity modulus is correlated to the stretching of bonds and proportional to
the average bond strength. For the transition metals, it is well-known
that theMe–C bond strength is reduced from group 4 to group 6 within
a period. This can also be seen by comparing the enthalpy of formation
for the transition metal carbides [27]. Consequently, the Nb–C bond is
expected to be weaker than the Zr–C bond. At a given amount of Si–C
bonds in the amorphous structure, this should lead to a lower average
bond strength in the Nb–Si–C ﬁlms and hence a lower elastic modulus
in agreement with the observation in Fig. 8. Furthermore, the results
above show a clear difference in H/E and H3/E2 ratio between Nb–Si–C
and Zr–Si–C ﬁlms. With 50% C–Si bonds in the structure, the Nb–Si–C
ﬁlm has an H/E value 0.09 and an H3/E2 value of 0.15 while the Zr–Si–
C ﬁlm only exhibits an H/E value of 0.06 and an H3/E2 value of 0.07.
Higher H/E and H3/E2 values indicate a higher toughness and resistance
to plastic deformation respectively suggesting that the wear resistance
is strongly dependent on the metal for these types of amorphous
Me–Si–C ﬁlms [28].
The reduction in crystallinity and the amorphization of the Nb–Si–C
thin ﬁlms in series S1 has a strong effect on the electrical resistivity. As Si
is added to the ﬁlms in series S1, the conducting carbide grains are
reduced in size and simultaneously the amount of amorphous phase
Fig. 9. Film resistivity as a function of Nb content for all studied ﬁlms.
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series S2, it is clear that the resistivity is dependent on the chemical
bonding. As the C/Nb ratio increases in series S2 the bond distribution
will change with less Nb–Si and Nb–C bonds and more Si–C and C–C
bonds. Consequently, it can be argued that the resistivity should be in-
versely dependent on the Nb content. As can be seen in Fig. 9 this is
also observed for the ternary ﬁlms in Table 2. The ﬁlm with the lowest
Nb content has a resistivity above 3000μΩcm while the most Nb-rich
ﬁlms have a resistivity below 250μΩcm. A similar trend was observed
for the Zr–Si–C ﬁlms in ref. [9].
5. Conclusions
Nb–Si–C thin ﬁlms have been deposited by non-reactive DCmagne-
tron sputtering. The microstructure of the ﬁlms is strongly dependent
on the Si content and a transition from a nc-NbC/a-SiC structure to an
X-ray amorphous structure is observed as the Si content reaches
above 25 at.%. The TEM electron beam induces crystallisation of the
amorphous phase during analysis, which makes it difﬁcult to use this
method for determination of microstructure. The XRD and TEM results
together with the analysis of chemical bonding with XPS suggest a
structure of the Nb–Si–C ﬁlms similar to the amorphous network struc-
ture described by Kádas et al. for Zr–Si–C ﬁlms [11]. A higher amount of
Si is required to form an amorphous structure in the Nb–Si–C ﬁlms in
comparison to Zr–Si–C ﬁlms (N25 at.% for Nb–Si–C and N15 at.% for
Zr–Si–C) indicating a higher glass forming ability for Zr. The reduction
in crystallinity caused by the increase of Si content in the ﬁlms results
in softer ﬁlms exhibiting higher resistivity. The more Si-rich (40 –
45 at.% for series S2) amorphous Nb–Si–C ﬁlms show a clear increase
in hardness with the increase of Si–C bonds in the structure. Compari-
son with Zr–Si–C ﬁlms shows that the hardness is primarily dependenton the amount of Si–C bonds rather than type of transition metal used.
On the other hand, the reduced elastic modulus shows a dependency
with the type of transition metal with a lower reduced elastic modulus
for the Nb–Si–C ﬁlms in comparison to Zr–Si–C ﬁlms [9]. These trends
for the mechanical properties suggest that highly wear-resistant (high
H/E and H3/E2 ratio) Me–Si–C ﬁlms can be achieved by appropriate
choice of composition and transition metal.
Acknowledgments
The authors acknowledge assistance by Dr. Daniel Primetzhofer and
Dr. Anders Hallén with ERDA and RBS analysis carried out at the Tandem
Laboratory at Uppsala University. The work was ﬁnancially supported
by Vinnova (Swedish Governmental Agency for Innovation Systems)
through the VINN Excellence Centre FunMat and the Swedish Research
Council (VR).
References
[1] S.H. Koutzaki, J.E. Krzanowski, J. Vac. Sci. Technol. A 19 (4) (2001) 1912.
[2] T. Zehnder, J. Matthey, P. Schwaller, A. Klein, P.A. Steinmann, J. Patscheider, Surf.
Coat. Technol. 163–164 (2003) 238.
[3] I. Bertoti, A. Toth, M. Mohai, J. Szepvolgyi, Surf. Coat. Technol. 206 (4) (2011) 630.
[4] J.E. Krzanowski, J. Wormwood, Surf. Coat. Technol. 201 (6) (2006) 2942.
[5] P. Eklund, J. Emmerlich, H. Hogberg, O. Wilhelmsson, P. Isberg, J. Birch, R.O.A.
Persson, U. Jansson, L. Hultman, J. Vac. Sci. Technol. B 23 (6) (2005) 2486.
[6] A. Schüler, P. Oelhafen, Appl. Phys. A: Mater. Sci. Process. 73 (2) (2001) 237.
[7] T. Nakamori, T. Tsuruoka, T. Kanamori, S. Shibata, IEEE Trans. on Compon. Hybrids
Manuf. Technol. 10 (3) (1987) 446.
[8] J. Krzanowski, J.L. Endrino, S.H. Koutzaki, Mater. Res. Soc. Symp. Proc. 697 (2002) 9.
[9] M. Andersson, S. Urbonaite, E. Lewin, U. Jansson, Thin Solid Films 520 (20) (2012)
6375.
[10] J.L. Endrino, J.E. Krzanowski, J. Mater. Res. 17 (12) (2002) 5.
[11] K. Kádas, M. Andersson, E. Holmström, H. Wende, O. Karis, S. Urbonaite, S.M.
Butorin, S. Nikitenko, K.O. Kvashnina, U. Jansson, O. Eriksson, Acta Mater. 60 (12)
(2012) 4720.
[12] M. Naka, H. Sakai, M. Maeda, M. H., Mater. Sci. Eng. A 226–228 (1997) 774.
[13] W.C. Oliver, G.M. Pharr, J. Mater. Res. 7 (6) (1992) 1564.
[14] C.P. Kempter, E.K. Storms, R.J. Fries, J. Chem. Phys. 33 (6) (1960) 1873.
[15] M. Birkholz, Thin Film Analysis by X-Ray Scattering, WILEY-VCH, Weinheim, 2006.
[16] O. Tengstrand, N. Nedfors, M. Andersson, J. Lu, U. Jansson, A. Flink, P. Eklund, L.
Hultman, Mater. Res. Soc. Commun. (2013), http://dx.doi.org/10.1557/mrc.2013.31.
[17] N. Nedfors, O. Tengstrand, E. Lewin, A. Furlan, P. Eklund, L. Hultman, U. Jansson, Surf.
Coat. Technol. 206 (2–3) (2011) 354.
[18] J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, Handbook of X-ray Photoelectron
Spectroscopy, Physical Electronics, Inc., Eden Prairie, 1995.
[19] L. Muehlhoff, W.J. Choyke, M.J. Bozack, J.T. Yates, J. Appl. Phys. 60 (8) (1986) 2842.
[20] T. Burgess, M. Ferry, Mater. Today 12 (1–2) (2009) 24.
[21] U. Jansson, E. Lewin, Thin Solid Films 536 (2013) 1.
[22] J.E. Krzanowski, J. Wormwood, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 36A
(11) (2005) 3055.
[23] D.L. Yaney, A. Joshi, J. Mater. Res. 5 (10) (1990) 2197.
[24] A. Cavaleiro, J.M. de Hosson, Nanostructured Coatings, Springer, New York, 2006.
[25] G. Aylward, T. Findlay, SI Chemical Data, John Wiley & Sons Australia Ltd, Milton,
2008.
[26] D. Martinez-Martinez, C. Lopez-Cartes, A. Fernandez, J.C. Sanchez-Lopez, Thin Solid
Films 517 (5) (2009) 1662.
[27] U. Jansson, E. Lewin, M. Råsander, O. Eriksson, B. André, U. Wiklund, Surf. Coat.
Technol. 206 (4) (2011) 583.
[28] A. Leyland, A. Matthews, Wear 246 (1–2) (2000) 1.
